NOTATION

INTRODUCTION
One of the most important applications of trickle-bed reactors is the hydrodesulfurisation (HDS) of gas oil. Gas oil feed contains usually between 1000 and 15 000 ppm sulphur and sulphur specification in gas oil product is getting more and more severe: in 2005 it will reach 50 ppm in Europe; improvement of the HDS operation has therefore to be performed. Two routes for improvements are open: developing more efficient catalysts or improving the process design. The present work pertains to a major issue in the second route: the distribution of gas and liquid on the catalyst. As shown by Ross (1965) and Vergel Hernandez (1993) , a bad distribution can be the cause of losses either in performance, selectivity or catalyst stability of trickle beds. The aim of this study is to develop and compare techniques to qualify the quality of liquid distribution in this type of reactor, using cold mockups to investigate the influence of operating parameters on liquid-catalyst contacting and to discuss transposition to commercial trickle-bed operation.
EXPERIMENTAL PLANTS
Three experimental setups have been used; the dimensions and packing used in the different columns are indicated in Table 1 . The first two columns were situated in Nancy (France), the third one in the laboratory of Professor Mewes at Hanover University in Germany (Institut für Verfahrenstechnik). Most results presented here were obtained in Column 1; a schematic description of Setup 1 is shown in Figure 1 . With glass beads or ceramic spheres, the bed porosity is, as expected, 0.41 or 0.42. The extrudate used was industrial HDS catalyst support. The internal porosity of these particles is 0.61, the packing is not dense and the bed porosity (ε = 0.58) is rather representative of bed sock loading. The effect of the initial distribution of gas and liquid was investigated in Columns 2 and 3. Figure 2 shows the different distributors used with Column 2: with all distributors, the gas is fed through four chimneys, while the liquid is injected through a perforated plate with either 25 10-mm-ID orifices (a), two 25-mm-ID orifices (b) or one 25-mm-ID orifice (c). With Setup 3, the gas injection was homogeneous on the whole section, while the liquid was injected either on the whole section or on half of the section.
MEASURING TECHNIQUES AND RESULTS
Maldistribution can be investigated by a number of techniques, as exemplified by the list of papers shown in Table 2 .
In the present work, the following techniques were employed to qualify the liquid distribution in the bed.
Global Pressure Drop and RTD Measurements
Piezoelectric sensors (Columns 2 and 3) measured the pressures on top of and below the bed. This technique yields global information (reactor scale).
The residence-time distribution (RTD) of the liquid was determined by measuring by conductimetry the response to a salt tracer injection at the reactor outlet. In case of nonporous particles, the RTD was interpreted using the plug flow with axial dispersion model. This yields a mean liquid holdup and a dispersion coefficient; in case of porous particles, the plug flow with exchange with stagnant liquid model was used, which also yields a good estimate of the liquid holdup (Villermaux and van Swaaij, 1969; Yang et al., 1990) . A plug flow model with diffusion in the catalyst pores was used to interpret some radioactive tracer experiments made on a commercial HDS plant.
The following qualitative rule can be established: the better the distributor, the higher the pressure drop and the liquid holdup in the bed (Trambouze et al., 1984) . Comparing these global hydrodynamic characteristics obtained with two different distributors is therefore a good way to compare their performance. As an example, Figure 3 shows the pressure drop as a function of gas velocity for a given liquid velocity and packing, the only difference being the liquid distributor at the top. It clearly appears that the multiorifice distributor (a) is the most efficient one. More surprising is the fact that the single-orifice distributor (c) seems to be more efficient than the two-orifice distributor (b). This is systematically found with every technique used in this study. It can be explained because liquid is distributed axisymmetrically with the single-orifice plate, while it is distributed asymmetrically with the two-orifice distributor.
A more quantitative interpretation was done: the maldistribution was represented using the two-zone model of Kennedy and Jaffe (1986) . In this model, the reactor is considered to be composed of two parallel zones which are irrigated differently. It is a two-parameter model, the parameters being the area ratio f of the better irrigated zone and the liquid flow rate ratio w L in the better irrigated zone. Pressure drop of both zones are equalised by adjusting gas flow. Unfortunately, it is not possible to determine independently both parameters; the actual values of f and w L obtained by fitting experimental data are, in our experience, not really significant, neither using the pressure drop, nor the RTD. Influence of the distributor on the pressure drop in Column 2 provided with a 2-mm glass beads packing (U L = 6 mm·s -1 ). Reinecke et al. (1996a Reinecke et al. ( , 1996b Reinecke et al. ( , 1998 Kennedy and Jaffe (1986) , this model gives a good description of data obtained in industrial plants: Figure 4 shows an RTD obtained by using radioactive tracing in a commercial HDS plant and the best fit of the two-zone model.
Liquid Collector
In Column 2, measurements were made with a collector placed at the bottom of the bed. This collector is shown in Figure 5 . The outlet liquid flow is divided into nine equal area zones and the flow rate through each zone is determined by weighting the volume of liquid during a given time. The results obtained can be interpreted in two ways: -looking at the flow rate map at the column outlet gives interesting information on maldistribution; -a maldistribution factor M f was defined according to the following equation, where Q Li is the liquid flow rate through zone i, N the number of zones (nine in this case) and Q mean the mean flow rate through all zones (= Q L /N):
This maldistribution factor is related (but not identical) to the one defined by Hoek et al. (1986) . Its value can range from 0 (ideal distribution) to 1 (all the liquid goes through one single of the N zones). Figure 6 shows two examples of maps obtained with the best distributor (multiorifice distributor, (a)). In each sector, the ratio of the liquid flow rate through this zone to the total liquid flow rate is indicated (an ideal distribution would yield 11% in each sector). Figure 6a (no gas flow) shows clearly that, even with a good distributor, in the absence of gas flow, the liquid distribution at the outlet can be quite bad and does not necessarily present an axial symmetry. The presence of the gas flow improves distribution, but it is still not perfect.
An example of the way the maldistribution factor depends on the gas and liquid velocities is shown in Figure 7 : M f is much larger in single-phase liquid flow than in two-phase flow and is a decreasing function of both gas and liquid velocities. The influence of the solid shape seems to be much less important. Similar results are obtained with distributors (b) and (c) (single orifice and two orifices). However, the maldistribution factor M f is always larger with these less efficient distributors than with distributor (a), and, at the highest gas velocities, an increase of M f is observed with extrudate packing at relatively high liquid velocities, as shown in Figure 8 . It seems that at high gas velocities, the gas flow "hinders" spreading of the liquid.
Capacitive Tomography
Tomographic measuring techniques are more and more widely used in the investigation of the hydrodynamics of multiphase reactors, as shown in a number of recent review papers (Williams and Xie, 1993; Beck et al., 1997; Chaouki et al., 1997; Reinecke et al., 1998) . Each of the different possible tomographic techniques has its advantages and drawbacks: the X-ray tomography used by Toye et al. (1996 Toye et al. ( , 1997 is well suited for very small velocities, since the gasliquid repartition has to be constant during a measurement, which is quite slow. In the present work, the capacitive tomography developed by the team of Hanover was used (Reinecke, 1996; Reinecke and Mewes, 1996a, 1996b; Reinecke et al., 1998) found in the mentioned papers. The main advantage of this technique is that it is very fast (response time of the order of magnitude of a few milliseconds). Its drawback is a low spatial resolution (approximately 25 mm here). Since the capacity signals depend on the distribution of the liquid in the whole bed section, the reconstruction of the liquid distribution is not easy and the actual values of the local liquid holdup should be treated with care. Another drawback is that with porous catalyst support particles, the difference between a column filled with particles and water and one filled with wet particles and air proved to be negligible and measurements could only be made with ceramic spheres.
The results were all obtained in Column 3 with the large ceramic particles. While the collector yields distributions of the liquid flow rate at the bottom of the bed, tomography yields the distribution of the liquid holdup at the level of the distributor (0.6 m, i.e. five diameters from the distributor). As with the collector, the tomography measurements show that even with a good initial distribution, distribution of the liquid may be inhomogeneous, especially in the absence of gas flow. Increasing the gas and liquid flow rates usually leads to a better homogeneity, but an initial maldistribution is still visible after five column diameters, as can be seen in Figure 9 , which represents the lines of equal liquid holdup in Maldistribution index M f as a function of the gas and liquid velocities (Column 2; distributor (a); 2-mm glass beads).
Figure 8
Maldistribution index as a function of the gas and liquid velocities: comparison of distributors (a) (multiorifice) and (b) (two orifices) (Column 2, polylobe extrudates). a section of the column. In Figure 9a (good initial distribution), the liquid saturation β takes values ranging from 0.4 to 0.9; in Figure 9b (liquid fed only on half the section of the column), it takes values ranging from below 0.1 to 1.
We noticed that the maldistribution index for liquid holdup is very much deteriorated by the suppression of the gas flow. This is not the case of the maldistribution index for liquid retention measured either by tomography or by RTD. This suggests that liquid retention is not a good indicator of phase distribution in a chemical reactor where local space velocity is the key parameter.
Heat Transfer Sensors
Small heat transfer probes (diameter approximately 2 mm) have been used to investigate particle-liquid heat transfer in Column 1 (Marcandelli et al., 1999) . A schematic representation of the heat transfer probe is given in Figure 10 . The results obtained in the work mentioned showed that, while the heat transfer coefficient presented a strong variation, its mean value was proportional to the linear velocity of the liquid (Fig. 11) . It is therefore a fair assumption that the local heat transfer coefficient to the probe depends on the local (scale 2 mm) liquid velocity. The same heat transfer probes were inserted in Column 2 in the bed not far from the collector. Figure 12 shows the heat transfer coefficients measured with two probes at different locations, as a function of the mean liquid velocity in the sector where the probe is located. While the first probe (Fig. 12a ) yields values which are typical of a probe in a liquid flow and the heat transfer coefficient globally increases with increasing liquid velocity, the same is not true for the second probe (Fig. 12b) . Here, most results are in the range of 1000 W·m -2 ·s -1 or less, which corresponds to the order of magnitude obtained in single-phase gas flow through the bed.
These results indicate the presence of maldistribution on a level larger than a particle size : Vergel Hernandez (1993) had already observed similar dry zones using a colour tracer technique.
DISCUSSION AND CONCLUSIONS
It is clear from the results presented here that there cannot be a unique technique to investigate maldistribution in tricklebed reactors: beside global maldistributions on the column scale, which can be detected relatively easily, segregation may also happen at smaller scales. Figure 13 gives an overview on the different techniques used in this work and on the scale at which liquid segregation can be investigated with these techniques. While large-scale maldistribution may be due either to a distributor not well working or to inhomogeneities in the packing, the origin of small-scale segregation is less well known, although the consequences on selectivity and conversion can be quite dramatic (Vergel Hernandez, 1993; Vergel et al., 1995) . Some general rules on the influence of operating conditions on large-scale maldistribution can be established: -the presence of gas tends to diminish maldistribution; -increasing gas and liquid flow rates usually decreases maldistribution; -a bad initial distribution will not correct itself totally. Heat transfer coefficients obtained with two probes in Column 2 (2-mm glass beads).
Similar rules are not yet available for smaller scale maldistribution. Further research is needed to define these scales.
In a commercial reactor: -∆P can indicate maldistribution, but other factors can interfere (bed attrition, coking) and no quantification is possible; -RTD is working well and quantitative; -thermal sensors are possible (Sapre et al., 1990) but too local and not realistic for every reactor; -liquid collectors and tomography are impossible.
